Objective: To determine how well the consensus criteria could classify subjects with primary progressive aphasia (PPA) using a quantitative speech and language battery that matches the test descriptions provided by the consensus criteria.
The term primary progressive aphasia (PPA) is synonymous with a neurodegenerative syndrome in which language impairment is the presenting and most salient feature. 1 In 2011, a group of investigators developed consensus criteria recognizing 3 syndromic variants of PPA. 2 The first, known as the agrammatic variant (agPPA), is characterized by written and verbal language that is grammatically flawed and sometimes associated with apraxia of speech (AOS). The second, known as the semantic variant (svPPA), is characterized by anomia with loss of single-word knowledge. The third, known as the logopenic variant (lvPPA), is characterized by anomia without loss of word knowledge, difficulty with sentence repetition, and, often, phonologic errors. Recently, the consensus criteria have been challenged, particularly in regards to whether subjects with AOS only, or AOS dominant syndromes, should be classified as agPPA [3] [4] [5] and whether lvPPA exists as a discrete linguistic syndrome. 6 METHODS Participants. Between July 2010 and January 2013, all subjects with a suspected degenerative speech and language disorder who presented to the Mayo Clinic in Rochester, Minnesota, were prospectively recruited. Subjects were consecutively recruited to reduce any selection bias. Only subjects over the age of 18, who spoke English as their primary language, and had an independent informant able to provide information about functional capabilities, were included. During this period, 110 subjects were screened and 105 participants were included in the study. Five subjects were excluded due to a stroke, meeting criteria for Alzheimer type dementia, 7 MRI was contraindicated, speech or language was so impaired that meaningful analysis could not be performed, and consensus agreement between 2 independent speech pathologists (J.R.D. and E.A.S.) did not indicate the presence of a degenerative speech or language disorder.
Standard protocol approvals and patient consents. The study was approved by the Mayo Clinic institutional review board and all subjects consented for enrollment into the study.
Speech and language assessment. All participants underwent a detailed speech and language assessment as described previously. 4 The Western Aphasia Battery-revised (WAB), 8 a 22-item version of part V of the Token Test by De Renzi and Vignolo, 9 the 15-item Boston Naming Test (BNT), 10 and the Pyramids and Palm Trees Test 11 (PPTT) were used as part of the language assessment. Motor speech abilities, including assessment for dysarthria and AOS, were assessed according to internally derived rating scales as previously described. 4 The presence or absence of phonologic errors was assessed on a 0-4 severity scale: 0 5 not present; 1 5 detectable but not frequent; 2 5 frequent but not pervasive; 3 5 nearly always evident but not marked in severity; 4 5 nearly always evident and marked in severity. Quantitative scores and video recordings of all crucial aspects of the speech and language assessment were reviewed for all study participants by 2 study authors (J.R.D. and E.A.S.) for consensus agreement about the presence or absence of aphasia, AOS, dysarthria, and phonologic errors, and the severity of each disorder.
Study participants who, by consensus agreement, demonstrated solely AOS without features of aphasia, i.e., primary progressive apraxia of speech (PPAOS), 4 served as control participants for the purpose of this study (n 5 21). Any participant who, by consensus agreement, demonstrated features of progressive aphasia, regardless of the presence of AOS, was analyzed for the diagnostic features of each PPA variant as described below. All participants presented with a chief complaint of speech or language dysfunction with the speech or language dysfunction being the cause for disrupting normal activities of daily living, e.g., writing a letter, giving a speech, or talking on the phone. None complained of early deficits in other cognitive domains.
Based on the recommended tasks for evaluation of speech and language functions provided by the consensus guidelines for the classification of PPA, 2 subsets of our battery were chosen accordingly for assessment of the presence or absence of each diagnostic feature of each variant (table e-1 on the Neurology ® Web site at Neurology.org). A threshold of 1.5 SDs worse than the PPAOS control participants was set as the cutoff for impairment. In analyzing AOS, a threshold of 1.5 SDs worse than a control population of 10 participants without AOS by consensus agreement on the AOS rating scale 4 was set as the cutoff for impairment. In assessing agrammatism, a raw score of #5 on the fluency rating of the WAB was used given the operational definition of that assigned score. In identifying impaired single-word comprehension, any score ,60 on the Auditory Word Recognition subtest of the WAB was set as the cutoff for impairment. Phonologic errors were scored as present/absent. As an additional sensitivity analysis, classification was also assessed using a 1.0 SD cutoff across tests.
Neurologic and neuropsychological examination. As previously described, 4 all participants underwent detailed neurologic examination (K.A.J.). Testing included the Montreal Cognitive Assessment battery (MoCA), 12 Frontal Behavioral Inventory, 13 brief questionnaire form of the Neuropsychiatric Inventory, 14 the Limb Apraxia subscale of the WAB, 8 
and the Movement
Disorders Society-sponsored version of the Unified Parkinson's Disease Rating Scale part III. 15 Detailed neuropsychological testing was performed by a psychometrist with oversight by a clinical neuropsychologist (M.M.M.). The battery included tests of motor speed (Trail Making Test A 16 ), executive function (Trail Making Test B 16 and Delis-Kaplan Executive Function System Card Sort [DKEFS]), 17 learning and memory (Logical Memory and Visual Reproduction subsets of the Wechsler Memory Scale-III 18 and Auditory Verbal Learning Test 19 ) and visuospatial and visuoperceptual functions (Cube Analysis and Incomplete Letters 20 and the Rey-Osterrieth Complex Figure Test 19, 21 ).
Neuroimaging. All participants underwent a 3T volumetric MRI using a standardized protocol and standard preprocessing corrections for intensity inhomogeneity and gradient warping were applied as previously described. 4 Patterns of gray matter loss were assessed in each PPA group compared to a cohort of 40 age-and sex-matched healthy participants using voxel-based morphometry 22 in SPM5. All healthy controls underwent the same imaging protocol. All scans were normalized and segmented using customized priors created using all PPA participants and healthy controls in the study. Gray matter images were modulated and smoothed at 8 mm full-width at half maximum. Statistical comparisons were performed using t tests with age and sex included as covariates. All analyses were assessed after correction for multiple comparisons at familywise error of p , 0.05 and uncorrected at p , 0.001.
Statistical analysis. Statistical analysis was performed using JMP 9.0.1 (SAS Institute Inc., Cary, NC). Nonparametric Kruskal-Wallis testing was used to compare demographics and clinical features across groups. A p value of ,0.05 was considered significant. Post hoc comparisons were made using the Dwass-Steel-Critchlow-Fligner test, which corrects for multiple comparisons, 23 when Kruskal-Wallis was significant. A hierarchical cluster analysis was performed using the speech and language test scores for all participants who were unclassifiable. Demographics, speech and language characteristics, and neuropsychological profiles were compared across clusters, as described above.
RESULTS Subject classification. Eighty-four participants were analyzed for this study while the other 21 PPAOS participants served as controls. Of the 84 participants, 58 met the minimum diagnostic features for at least 1 of the 3 PPA variants. Twenty-three participants (27%) met criteria for agPPA, 6 (7%) for svPPA, and 31 (36%) for lvPPA. The remaining 26 participants (31%) did not meet minimum diagnostic criteria for classification of any variant and hence were labeled as unclassified. One participant classified as agPPA and another as svPPA simultaneously met criteria for lvPPA. Utilizing a cutoff of 1.0 resulted in identical classification for 92% of the participants: 2 agPPA and 2 lvPPA participants became unclassified while 3 unclassified cluster 1 participants fulfilled criteria for lvPPA.
Speech and language profiles. There were no demographic differences across the groups (table 1) . The svPPA participants, followed by lvPPA, showed the greatest aphasia severity as measured by the WAB aphasia quotient (WAB-AQ), while unclassified participants were the least severe (table 1) . As expected, all PPA variants differed significantly from PPAOS controls on the WAB but did not differ from each other except on the repetition, naming, and reading irregular words subtests, where lvPPA performed worse than unclassified participants.
Performance on the BNT differed across groups, with worse performance in svPPA and lvPPA (table  1) . Object knowledge, as measured by the PPTT, was most severely impaired in the svPPA participants, although unclassified and lvPPA groups also showed impairment. All variants showed impairment in verbal comprehension, compared to PPAOS, as measured by the Token Test. AOS and dysarthria were noted most commonly in agPPA (table 1) . Phonologic errors were noted mostly in lvPPA participants, with unclassified participants also demonstrating increased phonologic errors compared to controls.
Neurologic and neuropsychological findings. The agPPA participants showed more parkinsonian features than the svPPA, lvPPA, and unclassified participants (table 2) . The svPPA, lvPPA, and unclassified participants performed worse on the MoCA compared to the PPAOS controls. Compared to PPAOS controls, performance on the DKEFS was impaired in agPPA, svPPA, lvPPA, and unclassified participants, while memory was impaired in lvPPA and unclassified participants (table  2) . Visuospatial and visuoperceptual tests did not differ across variants except on the letters test, where svPPA and lvPPA participants performed worse than PPAOS controls. The lvPPA participants performed worse on the MoCA and letters test than agPPA.
Unclassified subjects. The diagnostic features of each of the 26 unclassified participants are shown in table e-2. Five participants fulfilled major criteria for agPPA, svPPA, and lvPPA but did not fulfill minor criteria for any of the 3 variants. One additional participant fulfilled major criteria for agPPA only. The remaining 20 participants did not fulfill major criteria for any of the variants.
The hierarchical cluster analysis identified 2 clusters within the unclassified participants. The first Table 1 Demographic and speech and language data by primary progressive aphasia (PPA) classification agPPA (n 5 23) svPPA (n 5 6) lvPPA (n 5 31) Unclassified (n 5 26) PPAOS (controls) (n 5 21) cluster consisted of 12 participants with features in the direction of lvPPA (lvPPA-like), with trends toward more phonologic errors (table 3) . The second cluster of 8 participants had features resembling those of svPPA (svPPA-like), with trends toward greater difficulty with naming and impaired object knowledge (table 3) . The 2 clusters did not differ in demographics, behavioral, or neuropsychiatric measures.
Imaging findings. The agPPA participants showed gray matter loss in left greater than right frontal lobe, particularly inferior and posterior frontal and insular regions ( figure) . The svPPA participants showed loss localized to left anterior temporal lobe, while lvPPA participants showed loss throughout the left lateral temporal lobe, with additional involvement of left parietal, occipital, and frontal lobes, and right temporal lobe (figure). The unclassified participants in cluster 1 showed gray matter loss in left lateral temporal lobe, similar to lvPPA, although less widespread. The unclassified participants in cluster 2 showed loss in left anterior temporal lobe, similar to svPPA, although less severe (figure). The unclustered subjects showed prominent left-sided posterior inferior frontal and temporal atrophy. Findings in agPPA and lvPPA survived correction for multiple comparisons. DISCUSSION Our findings demonstrate that quantitative application of the diagnostic criteria for PPA only classified 69% of PPA participants into the 3 syndromic variants, hence leaving a large proportion of participants unclassified. One postulate for the large number of unclassified participants may be the insensitivity of some of the administered tests, particularly since the majority of the unclassified participants were less severe than those classified. For example, the Auditory Word Recognition subtest of the WAB that was utilized to assess single word comprehension and the Informational Content subtest of the WAB that was used as a measure of impairment of single-word retrieval in spontaneous speech were usually associated with perfect scores. Our selected tests, however, satisfy the qualitative test descriptions provided by the Table 2 Neurologic and neuropsychological profiles of subjects by primary progressive aphasia (PPA) classification agPPA (n 5 23) svPPA (n 5 6) lvPPA (n 5 29) Unclassified (n 5 26) PPAOS (controls) (n d Trails A was discontinued or not administered in 2 unclustered participants as the participants were unable to comprehend the task. e Trails B was discontinued or not administered in 4 unclustered participants as the participants were unable to comprehend the task.
consensus criteria. 2 The proposed PPA criteria do not stipulate specific tests to use in classifying variants, despite their encouragement to use quantitative data. It may not be an issue of simply needing more sensitive tests, however, since the 6 unclassified and unclustered participants, as a group, were slightly more severe than those classified as agPPA, svPPA, and lvPPA. In addition, a recent study utilizing a different battery of tests was also unable to classify a large proportion of their participants. 6 Nevertheless, although the majority of tests in this study are well-recognized and widely utilized, we would not recommend that they are considered a gold standard without modification to the criteria, given the less than desirable sensitivity and specificity. Another postulate for the large unclassifiable group in this study was the relatively short disease duration of some of our participants. It has been suggested that a diagnosis of PPA be made when aphasia has been present for at least 2 years. 24 Some of our participants had 1-year disease duration. However, mean disease duration was greater than 2 years for all groups and did not differ between the unclassified and classified participants, suggesting that disease duration was unlikely the main driver of misclassification. Furthermore, one study was able to classify 80% of subjects with early or mild disease. 25 Our cohort, although highly educated, did not differ in education level across groups and hence high education is another unlikely explanation for the unclassifiable participants. Although a quantitative approach will inevitably fail to capture qualitative features that expert clinicians render, qualitative application of the criteria, while likely more sensitive, does not allow for study reproducibility, comparison of findings across studies, or longitudinal analyses. Therefore, if the criteria are to be useful in these regards, modifications are necessary to provide greater sensitivity; a standardized battery of tests with high sensitivity and specificity should be proposed or developed. Detailed examination of the unclassified participants revealed 2 groups: a group resembling lvPPA and another resembling svPPA. Therefore, it appears that the consensus criteria amply capture agPPA as previously reported, 6 although there are other issues regarding this variant that will be discussed later on. It thus appears that it is mostly the milder cases of lvPPA and svPPA that are not being captured by the criteria. The lvPPA-like participants who were not classified often had phonologic errors and spared object knowledge without impaired word retrieval or anomia. The svPPA-like participants who were not classified had anomia without evidence of loss of word meaning. In one study, analysis of early aphasic participants showed that follow-up evaluation of isolated anomic subjects may later lead to svPPA classification, 25 suggesting that our svPPA-like participants in fact may represent early svPPA. The imaging findings support this contention. Although the remaining 6 unclassified unclustered participants did not form a homogenous group, they more often had severe global aphasia, satisfied major criteria for all variants, and were more likely to have cognitive deficits in other nonlanguage domains at enrollment. All 6, however, had presented with aphasia as their chief complaint and it was the aphasia that caused impairment in activities in daily life. Hence these subjects meet criteria for PPA 24 and did not have dementia with an embedded pronounced aphasia. It is possible that some of the unclustered participants were not clustered due to the relatively small sample size, although a larger sample size could have yielded an even higher percentage of unclustered participants.
Two studies have now demonstrated that a large number of subjects cannot be classified with the consensus criteria. 6 In both studies the main issue with classification seems to arise predominantly with the lvPPA group. And although in our study we were able to identify participants who could be classified as lvPPA using the consensus criteria, it appears that the criterion for lvPPA is problematic and harsh. Sensitivity would be improved if only one of the core features is required for diagnosis, and further improved if the first core feature required only one of either impaired single word retrieval in spontaneous speech or impaired naming, instead of both. To capture the more severe cases, a modification to the minor features is needed. It must be noted that although we were able to classify a large group of participants as agPPA using the consensus criteria, in order to do so we had to ignore the original PPA criterion, which states that aphasia has to be the most prominent feature of the presenting syndrome. 24 It is important to note that 57% of the participants classified as agPPA in fact had AOS as the dominant symptom of the presenting syndrome, with aphasia being less prominent. Therefore, many participants classified as agPPA in this study would in fact not meet PPA, and hence agPPA, criteria if the consensus recommendations had been strictly adhered to. In fact, we have previously proposed separating out such patients and instead classifying them as progressive AOS, 5 not as PPA. Another concern with this consensus agPPA group is the fact that the imaging findings were more bilateral than expected. This requires further investigation.
All 84 participants in our study had variable degrees of aphasia. Although some participants had a WAB-AQ greater than the standard cutoff of 94.9, which reliably distinguishes normal from aphasic subjects, 26 there can be overlap in the WAB-AQ in highfunctioning aphasic subjects and normal controls. 27 However, many of the subjects with high WAB-AQs did have impaired sentence comprehension or naming and hence demonstrated specific language impairments that allowed for classification first as PPA 24 and secondly as a PPA variant. 2 Quantitative application of the current PPA criteria yielded a large group of unclassifiable participants and although we considered different explanations for this problem, it appears that the current consensus criteria need to be modified in order to be applicable to more PPA subjects. Our participants were recruited from all over the United States and hence the findings should be generalizable. This article represents one step in the iterative process between initial diagnostic guidelines and their subsequent quantitative and qualitative application that will lead to guideline refinements based on the gathered data.
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